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Speed Limiting for a Balancing Transporter Accounting for Variations in System 

Capability 

The present application is a continuation-in-part application of copending 
application serial no. 10/460,970, atty. docket 1062/D55, filed June 13, 2003, which is a 
continuation in part of U.S. application serial no. 09/325,976, atty. docket 1062/B99, filed 
June 4, 1999, which is a continuation in part of U.S. application serial no. 08/479,901, 
filed June 7, 1995, now issued as U.S. patent no. 5,975,225, which is a continuation in 
part of U.S. application serial no. 08/384,705, filed February 3, 1995, now issued as U.S. 
patent no. 5,971,091, which is a continuation in part of U.S. application serial no. 
08/250,693, filed May 27, 1994, now issued as U.S. patent no. 5,701,965. This 
application also claims priority from provisional application 60/388,845, atty docket 
1062/C67, filed June 14, 2002. This application also claims priority from U.S. 
provisional patent application, atty docket 1062/C94, ser. no. 60/389,134, filed June 14, 
2002. All of these applications are incorporated herein by reference. 

Technical Field and Background Art 

The present invention pertains to transporters and methods for transporting 
20 individuals, and more particularly to balancing transporters and methods for transporting 
individuals over ground having a surface that may be irregular. 

A wide range of transporters and methods are known for transporting human 
subjects. Typically, such transporters rely upon static stability, being designed so as to be 
stable under all foreseen conditions of placement of their ground-contacting members. 
25 Thus, for example, the gravity vector acting on the center of gravity of an automobile 
passes between the points of ground contact of the automobile's wheels, the suspension 
keeping all wheels on the ground at all times, and the automobile is thus stable. Stable 
vehicles need not be precluded for reasons of stability from attaining their maximum 
operating speed. 

30 Another type of transporter is a dynamically stabilized transporter, also known as 

a balancing transporter. Such transporters have a control system that actively maintains 
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the Stability of the transporter while the transporter is operating. The control system 
maintains the stability of the transporter by continuously sensing the orientation of the 
transporter, determining the corrective action to maintain stability, and conmianding the 
wheel motors to make the corrective action. If the transporter loses the ability to maintain 
5 stability, such as through the failure of a component or a lack of sufficient power, the 
rider may experience a sudden loss of balance. 

Summary of the Invention 

In accordance with preferred embodiments of the present invention, a method is 
provided for limiting the speed of a transporter having a motorized drive arrangement. 

10 The method has steps that include calculating a plurality of maximum speeds based on at 
least one of a margin of torque and a margin of motor speed specified to provide stable 
operation under specified sets of operating conditions, and then determining a speed limit 
locus in a plane of motor speed and motor torque such that the speed of the transporter 
exceeds no maximum speed determined in the first step. Finally, operation of the 

15 motorized drive arrangement is limited to preclude extended operation of the transporter 
at a speed exceeding the intervention locus. 

In accordance with certain embodiments of the invention, the step of limiting 
operation may include shutting down the motorized drive arrangement if a specified 
torque margin may not be maintained. 

20 In another embodiment of the invention, a method for limiting the speed of a 

transporter includes determining the instantaneous capability of the transporter, including 
the capability of the drive system and the energy storage device that powers the drive 
system. The speed of the transporter is then limited based at least in part on the 
instantaneous capability of the transporter as a whole, the drive system, and/or the storage 

25 device and the potential demands on the transporter based on its present operating 
condition. 

In an embodiment of the present invention, a method is provided for estimating an 
instantaneous capability of one or more batteries. Each battery is characterized by an 
open circuit voltage and an internal resistance. The method includes measuring battery 
30 parameters including a voltage value and a current value; repeating measurements to 
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obtain successive values of the battery parameters; and filtering the successive values of 
the battery parameters to estimate the instantaneous capability of the battery. The 
estimate of instantaneous capability for the battery may be used advantageously for 
limiting the speed of a transporter to maintain balance. 

5 In a specific embodiment of the preceding embodiment, filtering the successive 

values of the battery parameters includes performing a statistical analysis of the 
successive values. In a further specific embodiment, filtering the successive values of the 
battery parameters includes performing recursive least squares regression. In yet another 
specific embodiment, filtering the measured battery parameters includes performing a 

10 recursive least squares regression with exponential forgetting. 

In another embodiment of the invention, a method is provided for determining a 
maximum operating speed for a transporter. The transporter includes a battery supplying 
power to a motor, which propels the transporter. The method includes calculating an 
open circuit voltage estimate and an internal resistance estimate for the battery; and 

15 calculating the maximum operating speed as a function of the open circuit voltage 

estimate and the internal resistance estimate for the battery and the average motor current. 

In a further embodiment of the invention, the transporter is a balancing 
transporter. The stability of the transporter in a fore-aft plane is maintained by applying a 
net torque about a ground contact region equal to a desired acceleration. A contribution 

20 to the net torque is provided that is a function of a system pitch value multiplied by a 
gain. The speed of the transporter may be limited by adding a pitch modification to the 
desired system pitch value. The pitch modification may be calculated based at least in 
part on the instantaneous capability of the drive system and the energy storage device that 
powers the drive system. 

25 In specific embodiments of the invention, calculating a pitch modification may 

include: adding a proportional term contribution, where the proportional term 
contribution is a function of the difference between the system speed and an intervention 
speed; adding a derivative term contribution to the pitch modification, where the 
derivative term contribution is a function of a system acceleration; and adding an integral 

30 term contribution to the pitch modification, the integral term contribution formed by 



3 



1062/D94 

multiplying a gain by the difference between the system speed and a speed limit, and 
adding a previous integral term contribution. 

Brief Description of the Drawings 

5 The foregoing features of the invention will be more readily understood by 

reference to the following detailed description, taken with reference to the accompanying 
drawings, in which: 

Fig. 1 is a side view of a personal transporter lacking a stable static position, in 
accordance with a preferred embodiment of the present invention, for supporting or 
10 conveying a subject who remains in a standing position thereon; 

Fig. 2 is a perspective view of a further personal transporter lacking a stable static 
position, in accordance with an alternate embodiment of the present invention; 

Fig. 3 illustrates the control strategy for a simplified version of Fig. 1 to achieve 
balance using wheel torque; 
15 Fig. 4 illustrates diagranmiatically the operation of joystick control of the wheels 

of the embodiment of Fig. 1 ; 

Fig. 5 is a block diagram showing generally the nature of sensors, power and 
control with the embodiment of Fig. 1; 

Fig. 6 is a block diagram providing detail of a driver interface assembly; 
20 Fig. 7 is a schematic of the wheel motor control during balancing and normal 

locomotion, in accordance with an embodiment of the present invention; 

Fig. 8 shows an illustrative diagram of an idealized balancing transporter with a 
rigid wheel in motion at a constant velocity across a flat surface; 

Fig. 9 illustrates the relationship among various speed limiting parameters for a 
25 typical balancing transporter; 

Fig. 10 is a circuit diagram of a battery in series with a load in accordance with an 
embodiment of the present invention; 

Fig. 1 1 is a flow diagram illustrating a method for estimating battery parameters; 
Fig. 12 is a flow diagram illustrating a method for limiting the speed of a 
30 balancing transporter; and 
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Fig. 13A-G illustrate setting a speed limit for a transporter. 

Detailed Description of Specific Embodiments 

The subject matter of this application is related to U.S. Patent Nos. 5,701,965; 
5,971,091; 5,791,425; 6,302,230 and U.S. Patent application, serial no. 09/687,789, 

5 attorney's docket 1062/C40, 'Transporter Improvements," filed October 13, 2000, which 
are all incorporated herein by reference in their entirety. The subject matter of this 
application is also related to the following U.S. provisional patent applications: "Gain 
Scheduling in Control of a Balancing Transporter," ser. no. 60/388,723, Attorney's 
Docket No. 1062/C84 and "Method and Device for Battery Charge Equalization," 

10 Attorney's Docket No. 1062/C88; ser. no. 60/388,986, each filed on June 14, 2002, each 
of which is incorporated herein by reference in its entirety. 

An alternative to operation of a statically stable transporter is that dynamic 
stability may be maintained by action of the user, as in the case of a bicycle or motorcycle 
or scooter, or, in accordance with embodiments of the present invention, by a control 

15 loop, as in the case of the human transporter described in U.S. Patent No. 5,701,965. The 
invention may be implemented in a wide range of embodiments. A characteristic of many 
of these embodiments is the use of a pair of laterally disposed ground-contacting 
members to suspend the subject over the surface with respect to which the subject is 
being transported. The ground or other surface, such as a floor, over which a transporter 

20 in accordance with the invention is employed may be referred to generally herein as the 
"ground." The ground-contacting members are typically motor-driven. In many 
embodiments, the configuration in which the subject is suspended during locomotion 
lacks inherent stability at least a portion of the time with respect to a vertical in the fore- 
aft plane but is relatively stable with respect to a vertical in the lateral plane. Stability, as 

25 defined below, means that in response to a perturbation a stable device will tend towards 
its unperturbed state. 

Some embodiments of the invention invoke the concept of primary wheels. The 
term "primary wheels," as used in this description and in any appended claims, refers to a 
minimum set of a transporter's wheels on which the transporter is capable of operating 

30 stably. More generally, the term "primary ground-contacting members" allows for a more 
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general class of members that includes but is not limited to wheels. Hence, as used in this 
description and in any appended claims, "primary ground-contacting members" refers to a 
minimum set of a transporter's ground-contacting members on which the transporter is 
capable of operating stably. Other ground-contacting members may include, without 

5 limitation: arcuate sections of a wheel, clusters of wheels, treads, etc. 

In various embodiments of the invention, fore-aft stability may be achieved by 
providing a control loop, in which one or more motors are included, for operation of a 
motorized drive in connection with the ground-contacting members. As described below, 
a pair of ground-contacting members may, for example, be a pair of wheels or a pair of 

10 wheel clusters. In the case of wheel clusters, each cluster may include a plurality of 

wheels. Each ground-contacting member, however, may instead be a plurality (typically a 
pair) of axially-adjacent, radially supported and rotatably mounted arcuate elements. In 
these embodiments, the ground-contacting members are driven by the motorized drive in 
the control loop in such a way as to maintain, when the transporter is not in locomotion, 

15 the center of mass of the transporter above the region of contact of the ground-contacting 
members with the ground, regardless of disturbances and forces operative on the 
transporter. 

A ground-contacting member typically has a "point" (actually, a region) of contact 
or tangency with the surface over which the transporter is traveling or standing. Due to 

20 the compliance of the ground-contacting member, the "point" of contact is actually an 

area, where the region of contact may also be referred to as a contact patch. The weight of 
the transporter is distributed over the contact region, giving rise to a distribution of 
pressures over the region, with the center of pressure displaced forward during forward 
motion. The distribution of pressures is a function both of the composition and structure 

25 of the wheel, the rotational velocity of the wheel, the torque applied to the wheel, and 
thus of the frictional forces acting on the wheel. 

A force in the direction of motion is required to overcome rolling friction (and 
other frictional forces, including air resistance). Gravity may be used, in accordance with 
preferred embodiments of the invention, to provide a torque about the point of contact 

30 with the surface in a direction having a component in the sense of desired motion. 

Referring to Fig. 8, to illustrate these principles, a diagram is shown of the forces acting 
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on a transporter that locomotes with constant velocity v on a single wheel over a flat 
surface. The principles now discussed may readily be generalized to operation on a sloped 
surface and to acconmiodate any other external forces that might be present. Wheel 160 
of radius Rw rotates with respect to chassis 162 about axle 164 and contacts the 

5 underlying surface at point P. For purposes of illustration only, it is assumed that wheel 
160 contacts the surface at a point. 

The wheel is driven with respect to the transporter by a torque T (supplied by a 
motor, for example) which in turn creates a reaction torque -T on the transporter. Since 
the torque acts about the axle 164, the reaction torque corresponds to a force Fb acting at 

10 the center of gravity (CG) of the system, including the transporter and payload, where Fb 
= T/RcG, where Rcg is the distance between the axle and the CG of the system. The line 
170 from the CG to point P is at an angle 9s relative to the vertical 172. 

The rolling friction, f, acting on the wheel at point P, is proportional to the 
velocity v of the rim of the wheel, with the proportionality expressed as f=|i v. For 

15 constant velocity to be maintained, this force f must be exactly canceled. Consequently, 
with gravity providing the force, the condition that must be satisfied is: 
Fb cos Bs = fb , (Eqn. 1) 

where ft is the component of the reaction force acting transverse to axis 174 
between the CG and point P. In order to prevent the transporter from falling, a stability 
20 condition must also exist, namely that no net force acts on the CG in a direction 
transverse to line 170, i.e., there is no net torque about the point of contact P during 
motion at constant velocity (i.e., in an inertial frame of reference where the point P is 
fixed). This condition may be expressed as: 

FgSines = fb, (Eqn. 2) 

25 where Fg sin 9s is the "tipping" component of gravity, and ft is the counter-tipping 

component of the reactive force on the transporter caused by wheel rotation (ft =Fb cos 
9), and where 9 is the angle shown line 170 and line 174. 

Eqns. 1 and 2 may be combined to yield Fg sin 9s cos 9s = f = |liv, thus, in the 
limit of small angles (where sin 9 is approximately 9), 
30 9s = (^l/Fg)v, (Eqn. 3) 
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showing that increasing velocity requires increased lean to overcome the effects of 
friction. Additionally, a control loop that imposes stability on the system will respond to 
an increased lean by increasing velocity of the system. While the preceding discussion 
assumed constant velocity, additional lean beyond that required to overcome the effects 
5 of friction will result in acceleration since an additional forward-directed force acts on the 
CG. Conversely, in order to achieve acceleration (or deceleration) of the transporter, 
additional leaning (forward or backward) must be provided in a manner discussed in 
further detail below. 

Fig. 1 shows a simplified embodiment of the invention. A personal transporter is 

10 shown and designated generally by numeral 18. A subject 10 stands on a support platform 
12 and holds a grip 14 on a handle 16 attached to the platform 12, so that the transporter 
18 of this embodiment may be operated in a manner analogous to a scooter. A control 
loop may be provided so that leaning of the subject results in the application of torque to 
wheel 20 about axle 22 thereby causing an acceleration of the transporter. Transporter 18, 

15 however, is statically unstable, and, absent operation of the control loop to maintain 
dynamic stability, subject 10 will no longer be supported in a standing position and will 
fall from platform 12. Different numbers of wheels or other ground-contacting members 
may advantageously be used in various embodiments of the invention as particularly 
suited to varying applications. Thus, as described in greater detail below, the number of 

20 ground-contacting members may be any number equal to, or greater than, one. For many 
applications, the dimensions of platform 12, and indeed of the entire ground-contacting 
module, designated generally by numeral 6, are advantageously comparable to the 
dimensions of the footprint or shoulder width of user 10. Thus transporter 18 may 
advantageously be used as a mobile work platform or a recreational transporter such as a 

25 golf cart, or as a delivery transporter. 

Transporter 18 may be operated in a station-keeping mode, wherein balance is 
maintained substantially at a specified position. Additionally, transporter 18, which may 
be referred to herein, without limitation, as a "transporter," may also maintain a fixed 
position and orientation when the user 10 is not on platform 12. This mode of operation, 

30 referred to as a "kickstand" mode, prevents runaway of the transporter and provides for 
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the safety of the user and other persons. A force plate 8 or other sensor, disposed on 
platform 12, detects the presence of a user on the transporter. 

Another embodiment of a balancing transporter in accordance with the present 
invention is shown in Fig. 2 and designated generally by numeral 24. Personal transporter 

5 24 shares the characteristics of transporter 18 of Fig. 1, namely a support platform 12 for 
supporting subject 10 and grip 14 on handle 16 attached to platform 12, so that the 
transporter 18 of this embodiment may also be operated in a manner analogous to a 
scooter. Fig. 2 shows that while transporter 24 may have clusters 26 each cluster having a 
plurality of wheels 28, transporter 24 remains statically unstable and, absent operation of 

10 a control loop to maintain dynamic stability, subject 10 will no longer be supported in a 
standing position and will fall from platform 12. In the embodiment of Fig. 2, as in the 
embodiment of Fig. 1, the primary ground-contacting members are a pair of wheels. 
Supplemental ground-contacting members may be used in stair climbing and descending 
or in traversing other obstacles. In one mode of operation, for example, it is possible to 

15 rotate clusters 26 so that two wheels on each of the clusters are simultaneously in contact 
with the ground. Stair climbing and flat-terrain locomotion may both be achieved, 
however, with the transporter supported on only a single set of primary ground-contacting 
members. 

Operation of the balancing transporter will be described with reference to the set 
20 of coordinate axes shown in Fig. 1 . Gravity defines the vertical axis z, while the axis 
coincident with the wheel axis 22 may be used to define a lateral axis y, and a fore-aft 
axis X is defined by the forward direction of motion of the transporter. The plane defined 
by the vertical axis z and the lateral axis y will sometimes be referred to as the "lateral 
plane", and the plane defined by the fore-aft axis x and the vertical axis z will sometimes 
25 be referred to as the "fore-aft plane". Dkections parallel to the axes x and y are called the 
fore-aft and lateral directions respectively. It can be seen that the transporter, when 
relying on the pair of wheels 20 for contacting the ground, is inherently unstable with 
respect to a vertical in the fore-aft direction, but is relatively stable with respect to a 
vertical in the lateral direction. In other embodiments of the invention described below, 
30 the transporter may also be unstable with respect to yaw about the z axis. 
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The axes may also be defined with respect to platform 12 in cases such as where 
the ground-contacting member is a uniball. 

A simplified control algorithm for achieving balance in the embodiment of the 
invention according to Fig. 1 when the wheels are active for locomotion is shown in the 
block diagram of Fig. 3. The plant 61 is equivalent to the equations of motion of a system 
with a ground contacting module driven by a single motor, before the control loop is 
applied. T identifies the wheel torque. The remaining portion of the figure is the control 
used to achieve balance. The boxes 62 and 63 indicate differentiation. To achieve 
dynamic control to insure stability of the system, and to keep the system in the 
neighborhood of a reference point on the surface, the wheel torque T in this embodiment 
is governed by the following simplified control equation: 

T = Ki(e-eo) + K2(e-eo) + K3(x-Xo) + K4(x-Xo) » (Eqn.4) 

where: 

• T denotes a torque applied to a ground-contacting element about its axis of 
rotation; 

•9 is a quantity corresponding to the lean of the entire system about the ground 
contact, with 9o representing the magnitude of a system pitch offset, all as discussed in 
detail below; 

• X identifies the fore-aft displacement along the surface relative to a fiducial 
reference point, with xq representing the magnitude of a specified fiducial reference 
offset; 

• a dot over a character denotes a variable differentiated with respect to time; and 

• a subscripted variable denotes a specified offset that may be input into the 
system as described below; and 

• Ki, K2, K3, and K4 are gain coefficients that may be configured, either in design 
of the system or in real-time, on the basis of a current operating mode and operating 
conditions as well as preferences of a user. The gain coefficients may be of a positive, 
negative, or zero magnitude, affecting thereby the mode of operation of the transporter, as 
discussed below. The gains Ki, K2, K3, and K4 are dependent upon the physical 
parameters of the system and other effects such as gravity. The simplified control 
algorithm of Fig. 3 maintains balance and also proximity to the reference point on the 
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surface in the presence of disturbances such as changes to the system's center of mass 
with respect to the reference point on the surface due to body motion of the subject or 
contact with other persons or objects. It should be noted that the amplifier control may be 
configured to control motor current (in which case torque T is commanded, as shown in 

5 Fig. 3) or, alternatively, the voltage applied to the motor may be controlled, in which case 
the conmianded parameter is velocity. 

The effect of 0o in the above control equation (Eqn. 4) is to produce a specified 
offset -8o from the non-pitched position where 6=0. Adjustment of 9o will adjust the 
transporter's offset from a non-pitched position. As discussed in further detail below, in 

10 various embodiments, pitch offset may be adjusted by the user, for example, by means of 
a thumb wheel 32, shown in Fig. 1. An adjustable pitch offset is useful under a variety of 
circumstances. For example, when operating the transporter on an incline, it may be 
desirable for the operator to stand erect with respect to gravity when the transporter is 
stationary or moving at a uniform rate. On an upward incline, a forward torque on the 

15 wheels is required in order to keep the wheels in place. This requires that the user push 
the handle further forward, requiring that the user assume an awkward position. 
Conversely, on a downward incline, the handle must be drawn back in order to remain 
stationary. Under these circumstances, 9o may advantageously be manually offset to 
allow control with respect to a stationary pitch comfortable to the user. 

20 The size of K3 will determine the extent to which the transporter will seek to 

return to a given location. With a non-zero K3, the effect of xq is to produce a specified 
offset -xo from the fiducial reference by which x is measured. When K3 is zero, the 
transporter has no bias to return to a given location. The consequence of this is that if the 
transporter is caused to lean in a forward direction, the transporter will move in a forward 

25 direction, thereby maintaining balance. Such a configuration is discussed further below. 

The term "lean" is often used with respect to a system balanced on a single point 
of a perfectly rigid member. In that case, the point (or line) of contact between the 
member and the underlying surface has zero theoretical width. In that case, furthermore, 
lean may refer to a quantity that expresses the orientation with respect to the vertical (i.e., 

30 an imaginary line passing through the center of the earth) of a line from the center of 
gravity (CG) of the system through the theoretical line of ground contact of the wheel. 
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While recognizing, as discussed above, that an actual ground-contacting member is not 
perfectly rigid, the term "lean" is used herein in the conunon sense of a theoretical limit of 
a rigid ground-contacting member. The term "system" refers to all mass caused to move 
due to motion of the ground-contacting elements with respect to the surface over which 
5 the transporter is moving. 

"Stability" as used in this description and in any appended claims refers to the 
mechanical condition of an operating position with respect to which the system will 
naturally return if the system is perturbed away from the operating position in any 
respect. 

10 In order to acconmiodate two wheels instead of the one-wheel system illustrated 

for simplicity in Fig. 3, separate motors may be provided for left and right wheels of the 
transporter and the torque desired from the left motor and the torque desired from the 
right motor can be calculated separately in the general manner described below in 
connection with Fig. 7. Additionally, tracking both the left wheel motion and the right 

15 wheel motion permits adjustments to be made to prevent unwanted turning of the 
transporter and to account for performance variations between the two drive motors. 

In cases where gain K3 is zero, a user control input such as a joystick may be used 
to adjust the torques of each motor. The joystick has axes indicated in Fig. 4. In operation 
of this embodiment, forward motion of the joystick is used to cause forward motion of the 

20 transporter, and reverse motion of the joystick causes backward motion of the transporter. 
A left tum similarly is accomplished by leftward motion of the joystick. For a right turn, 
the joystick is moved to the right. The configuration used here permits the transporter to 
tum in place when the joystick is moved to the left or to the right, by causing rotation of 
left and right motors, and hence left and right wheels, at equal rates in opposite senses of 

25 rotation. With respect to forward and reverse motion an alternative to the joystick is 
simply leaning forward or backward (in a case where K3 is zero), since the pitch sensor 
(measuring 6) would identify a pitch change that the system would respond to, leading to 
forward or reverse motion, depending on the direction of lean. In such instances, other 
types of yaw control (i.e., control to accomplish turning right or left can be used). 

30 Alternatively, control strategies based on fuzzy logic can be implemented. 
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It can be seen that the approach of adjusting motor torques when in the balance 
mode permits fore-aft stability to be achieved without the necessity of additional 
stabilizing wheels or struts (although such aids to stability may also be provided). In other 
words, stability is achieved dynamically, by motion of the components of the transporter 

5 (in this case constituting the entire transporter) relative to the ground. 

In the block diagram of Fig. 5 it can be seen that a control system 51 is used to 
control the motor drives and actuators of the embodiment of Figs. 1-3 to achieve 
locomotion and balance. These include motor drives 531 and 532 for left and right wheels 
respectively. If clusters are present as in the embodiment of Fig. 2, actuators 541 and 542 

10 for left and right clusters respectively. The control system has data inputs including user 
interface 561, pitch sensor 562 for sensing fore-aft pitch, and wheel rotation sensors 563, 
and pitch rate sensor 564. Pitch rate and pitch may be derived through the use of 
gyroscopes or inclinometers, for example, alone or in combination. Control system 51 
also may contain a balancing margin monitor which combines information on current 

15 battery parameters with information on motor parameters to calculate a maximum current 
speed of the transporter. The control system 51 may limit the speed of the transporter to 
ensure that adequate speed reserve is available to maintain balance. The control system 
51 may further contain logic to reduce the speed of the transporter to avoid damaging the 
battery due to generation of over voltage. This condition can occur if the transporter is 

20 provided with capability to regenerate the battery during braking and when travelling 
downhill. 

A grip 14 (shown in Fig. 1) may be conveniently provided with a thumb wheel 32 
(shown in Fig. 1) or thumb-operated joystick for directional control, although other 
methods of control may also be used. Thumb wheel 32 may serve multiple control 

25 purposes as will now be described. 

In accordance with other embodiments of the invention, handle 16 and grip 14 
may be absent altogether, and the platform 12 may be equipped with sensors, such as 
force plate 8, for example, to detect leaning of the subject. Indeed, as described in 
connection with Fig. 5 and as further described below, the pitch of the transporter is 

30 sensed and may be used to govern operation of the control loop, so that if the subject 
leans forward, the transporter will move forward to maintain a desired velocity or to 
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provide desired acceleration. Accordingly, a forward lean of the subject will cause the 
transporter to pitch forward and produce forward movement; a backward lean will cause 
the transporter to pitch backward and produce backward movement. Appropriate force 
transducers may be provided to sense leftward and rightward leaning and related controls 
5 provided to cause left and right turning as a result of the sensed leaning. 

Leaning may also be detected using proximity sensors. Additionally, operation of 
the transporter may be governed on the basis of the orientation of the user with respect to 
the platform. 

In a further embodiment, the transporter may be equipped with a foot- (or force-) 

10 actuated switch sensitive to the presence of a user on the transporter. Thus, for example, 
the transporter may be powered automatically upon ascent of a user onto the platform. 
Conversely, when the user alights from the transporter, power can be removed and the 
transporter disabled. Alternatively, the transporter may be progranuned to enter a 
dynamic "kickstand" mode in which the transporter remains balanced in place when the 

15 user alights. Thus, the transporter is ready for the user to resume travel by reboarding the 
transporter. Furthermore, the transporter is thus safely parked while not actively operated 
by a user aboard the transporter. 

Fig. 6 is a block diagram providing detail of a driver interface assembly 273. A 
peripheral microcomputer board 291 receives an input from joystick 292 as well as from 

20 inclinometer 293 or another tilt-determining arrangement. The inclinometer provides 
information signals as to pitch and pitch rate. (The term "inclinometer" as used in this 
context throughout this description and in the accompanying claims means any device 
providing an output indicative of pitch or pitch rate, regardless of the arrangement used to 
achieve the output; if only one of the pitch and pitch rate variables is provided as an 

25 output, the other variable can be obtained by suitable differentiation or integration with 
respect to time.) To permit controlled banking into turns by the transporter (thereby to 
increase stabihty while turning) it is also feasible to utilize a second inclinometer to 
provide information as to roll and roll rate or, alternatively, the resultant of system weight 
and centrifugal force. Other inputs 294 may also be desirably provided as an input to the 

30 peripheral micro controller board 291. Such other inputs may include signals gated by 
switches (knobs and buttons) for platform adjustment and for determining the mode of 
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Operation. The peripheral micro controller board 291 also has inputs for receiving signals 
from the battery stack 271 as to battery voltage, battery current, and battery temperature. 
The peripheral micro controller board 291 is in conmiunication over bus 279 with a 
central micro controller board that may be used to control the wheel motors as described 
below in connection with Fig. 7. 

Fig. 7 is a block diagram showing control algorithms, suitable for use in 
conjunction with the control assemblies of Fig. 6 to provide stability for a transporter 
according to the embodiment of Figs. 1-2 and other embodiments in which the transporter 
and payload are balanced on two ground-contacting members, both during locomotion 
and in a fixed position. The following conventions are used in connection with the 
description below: 

1. Variables defined in world coordinates are named using a single subscript in 
capital letters. World coordinates are coordinates fixed to the earth (inertial). 

2. A non-subscripted r identifies a wheel radius. 

3. Lx)wer case subscripts are used to indicate other attributes, e.g., right/left, etc.: r 
= right; 1 = left; ref = reference; f = finish; s = start. 

4. All angles are positive in the clockwise direction, where positive travel is in the 
positive X direction. 

5. A dot over a variable indicates differentiation in time, e.g., 0 . 

Fig. 7 shows the control arrangement for the motors of the right and left wheels. 
The arrangement has inputs of ^ , ^ , r^ wi (linear velocity of the left wheel relative to the 
world coordinate system) and r^wr (linear velocity of the right wheel), in addition to 
directional inputs 3300 determined by joystick position along X and Y axes of a reference 
coordinate system. Inputs 6,6, and error signals x and x (described below), subject to 
gains Ki, K2, K3, and K4 respectively, become inputs to sunmier 3319, which produces 
the basic balancing torque conunand for the wheels, in the general manner described 
above in connection with Fig. 3 above. The output of sunmier 3319 is combined with the 
output of yaw PID loop 3316 (described below) in sunmier 3320, then divided in divider 
3322 and limited in saturation limiter 3324, to produce the left wheel torque command. 
Similarly, the output of summer 3319 is combined with the output of PID loop 3316 in 
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summer 3321, then divided in divider 3323 and limited in saturation limiter 3325, to 
produce the right wheel torque conmiand. 

In Fig. 7, a directional input along the X axis moves the reference coordinate 
system along its X axis relative to the world coordinate system (which represents the 

5 traveled surface), at a velocity proportional to the displacement of the joystick. A 

directional input along the Y axis rotates the reference coordinate system about its Z axis 
at an angular velocity proportional to the displacement of the joystick. It will be 
appreciated that motion of the joystick in the positive X direction is here interpreted to 
mean forward motion; motion of the joystick in the negative X direction means reverse 

10 motion. Similarly, motion of the joystick in the positive Y direction means leftward 

turning, counter-clockwise as viewed from above; motion of the joystick in the negative 
Y direction means rightward turning clockwise as viewed from above. Hence the 
directional inputs Y and X are given deadband via deadband blocks 3301 and 3302 
respectively, to widen the neutral position of the joystick, then subject to gains Kl 1 and 

15 KIO, then rate-limited by limiters 3303 and 3304 respectively, which limit the angular 
and linear accelerations respectively of the reference coordinate system. The sum of these 
outputs achieved through sununer 3305 becomes the reference velocity irrcf whereas the 
difference of these outputs achieved through summer 3306 becomes the reference 
velocity iiref. These reference velocities are subtracted in summers 3308 and 3307 from 

20 compensated linear velocity input signals r ^ wi and r ^ wr for left and right wheels to obtain 
velocity error signals x \ and x r for left and right wheels within the reference coordinate 
system. In turn the average of these signals, determined via summer 3317 and divider 
3318, produces a linear velocity error signal , Displacement error signal x is derived by 
integrating r^wi and r^wr in integrators 3310 and 3309, limiting the results in saturation 

25 limiters 3312 and 3311, and then averaging their outputs via sunmier 3313 and divider 
3315. The difference between these displacements, determined via sunmier 3314, 
produces the yaw error signal 

The yaw error signal W is run through a standard proportional-plus-integral-plus- 
derivative (PID) control loop 3316, the output of which is combined with the output of 

30 the basic balancing torque conmiand of summer 3319, to produce the individual wheel 
torque commands, which cause the wheels to maintain fore-aft stability and also cause the 
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transporter to align itself with the axes of, and follow the origin of, the reference 
coordinate system as directed by directional input 3300. 

Let us now consider how this control causes the transporter to start. The 
directional input 3300 (which may be a joystick) which will provide a positive x for 

5 forward motion. The signal is divided and sunmied in summers 3308 and 3307, and 
subtracted from the right and left wheel velocity x r and x l providing a negative 
correction; this correction leads ultimately to a negative torque contribution at sunmier 
3319, causing the wheels to move backward, so as to create a torque due to gravity that 
causes the transporter to lean forward. This forward lean leads to changing 0 and 6 , 

10 which leads to positive corrections in summer 3319, causing the transporter to move 

forward. Thus, moving the joystick forward or backward will cause the transporter to lean 
forward or backward, as the case may be, and to move in the direction of the lean. This is 
a property of the control of Fig. 7. An equivalent result can be achieved by leaning, where 
K3 is zero. 

15 Acceleration of the transporter may be established by system lean. For example, to 

achieve forward acceleration of the transporter by forward system lean; the center of 
gravity of the system (transporter and payload) would be placed forward of the center of 
the pressure distribution of the contact region where the wheels contact the ground- the 
more the lean, the more the acceleration. Thus, furthermore, it can be seen that leaning, in 

20 conjunction with gravity and friction, determines acceleration (positive or negative) of the 
system. In this manner, if the transporter is moving forward, pitching the system back will 
achieve braking. Because the transporter must overcome friction, there is typically some 
system lean when the transporter is moving at constant velocity over level ground. In 
other words, looking at the torque on the transporter caused by gravity and the torque 

25 caused by all other external forces, the torque applied by the motorized drive is adjusted 
so that the net torque from all these sources produces a desired acceleration. 

Speed Limiting 

In a further embodiment of the invention, any of the foregoing embodiments of a 
30 transporter in accordance with the present invention may be provided with speed limiting 
to maintain balance and control, which may otherwise be lost if the wheels (arcuate 
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elements, or other ground-contacting members) were permitted to reach a maximum 
operating speed for the transporter. The term "maximum operating speed" as used in the 
specification and in any appended claims, unless context requires otherwise, will mean 
the maximum speed at which the transporter is presently capable of being propelled. This 
maximum operating speed will typically be a function of an instantaneous capability of 
the transporter, such as the capability of the drive system and/or the capability of the 
energy storage device provided to power drive system. For example, the energy storage 
device may be chemical (in which case it is referred to as a T^atteryO or otherwise. The 
"instantaneous capability" of the energy storage device is a measure of the instantaneous 
power that can be delivered by the device and the "maximum capability" of the device is 
a measure of the greatest power that the device can supply at any time. The terms "speed 
intervention band," "intervention speed," and "speed limit" as used in the specification 
and in any appended claims, unless context requires otherwise, will mean a range or band 
of speeds extending from an "intervention speed" at the lower end to a "speed limit" at 
the upper end. The intervention speed is a threshold speed at which means may be 
employed to reduce the transporter's speed. A transporter will typically be operated with 
a margin between the maximum operating speed and the speed limit, as illustrated in Fig. 
9. This margin helps ensure that the transporter will maintain balance over a range of 
operating conditions. 

Speed reduction may be accomplished by pitching the transporter back in the 
direction opposite from the current direction of travel, which causes the transporter to 
slow down. (As discussed above, the extent and direction of system lean determine the 
transporter's acceleration.) In this embodiment, the transporter is pitched back by adding a 
pitch modification to the inclinometer pitch value. Speed reduction can occur whenever 
the transporter velocity of the transporter exceeds the intervention speed. The pitch 
modification is determined by looking at the difference between the transporter velocity 
and the intervention speed, integrated over time. The automatic pitch modification 
sequence may be maintained until the transporter slows to the desired dropout speed 
(some speed below the intervention speed), and the pitch angle may then be smoothly 
retumed to its original value. 
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Maximum Operating Speed Estimation 
One method for determining the maximum operating speed of the transporter, if 
the energy storage device is a battery, is to monitor the battery voltage and current 
produced, which are then used to estimate the maximum velocity the transporter is 
5 currently capable of maintaining. 

Another method is to measure the voltages of the battery and the motor and to 
monitor the difference between the two; the difference provides an estimate of the amount 
of velocity margin (or balancing margin) currently available to the transporter. 
In a further embodiment of the invention, a method for estimating the 
10 instantaneous capability of a battery is provided. As shown in Fig. 10, a simplified model 
5000 is used for the battery, consisting of a "perfect" DC voltage source 5010 with "open 
circuit" voltage, Voc, a series resistance for the battery, Rbat, a current, Ibat, and a battery 
voltage, Vbat. Voc and Rbat cannot be measured but can be estimated from measurements 
of Vbat and Ibat- Ideally, these variables should follow a linear relationship: 

15 Vbat = Voc - (Ibat * Rbat) (Eqn. 5). 

Since this linear relationship is ideal, measured values of Vbat and Ibat will likely 
present a "scatter plot." Note that 'statistical' as used herein, in either adjectival or 
adverbial form, refers to the drawing of inferences as to the value of a parameter based on 
sampling the value by measurement at intervals that may be regular or irregular with 

20 respect to distribution of the samples in time or in terms of another dimension. The verb 
'filter', as used herein and in any appended claims, refers to the process of extracting a 
value attributable to a single point in time from a plurality of data that may be obtained in 
successive samplings and may be subject to either random or systematic fluctuations, or 
both. Application of filtering techniques, as are known in the art, to the data allows 

25 estimated values of Voc and Rbat to be derived. For example, a regression analysis using a 
least squares technique may be employed to derive estimated values of Voc and Rbat from 
the measured values of Vbat and Ibat- Voc and Rbat will change, such as, for example, due 
to ambient temperature, battery temperature, battery age, battery usage (both the overall 
amount of usage and usage pattern), and over time as the battery charge is depleted (and 

30 regenerated). Accordingly, a more accurate estimate may be obtained if the more recent 

19 



1062/D94 



measured values of Vbat and tat are used for the regression or more recent values are 
weighted more heavily than older values. 

In a specific embodiment of the present invention, a recursive least squares 
technique with exponential forgetting is employed to estimate Voc and Rbatfor the battery. 

5 In another specific embodiment of the invention, as shown in Fig. 1 1 (step 5200), 

newly measured values of Vbat and Ibat are used to correct the estimated values using a low 
pass filtering algorithm. First the variables are initialized (step 5210), with Voc and Rbat 
set to typical values. Then, Vbat and W are measured periodically (step 5220). To ensure 
that the signal is sufficiently "rich", i.e., there is a statistically significant difference 

10 between data points, the squared distance, D, of Vbat and Ibat fi'om the last accepted values 
of these variables, Vprev and Iprev, is calculated (step 5230): 

D= (Vp„,v- Vbat)'+(Iprev- (Eqn. 6). 

This calculation identifies data points that may provide additional information from 
which to refine the estimate of current battery parameters. For example, when the 

15 transporter is at rest, little current is drawn and a series of such measurements could skew 
the estimated value for the battery parameters from their true values, as filtering 
progresses. An appropriately set threshold for D can be used to mitigate the impact of 
such data points on the estimate. 

The following calculations may then be performed: 

20 (1) calculate update gains Kvoc and Krbat (step 5240): 

where, pa is the direct Voc covariance matrix element, 

Pb is the cross coupling covariance matrix element, and 
pc is the direct Rbat covariance matrix element, 
25 (Note: pa, Pb, and pc represent the uncertainty in the state estimate); 

(2) calculate error between battery state estimate and the new data point (step 5250): 

Err = Vbat - (Voc - fcat * Rbat) (Eqn. 8) ■ 

(3) update battery state estimate (step 5270): 

(If D is less than the threshold (step 5265), Krbat may be set to zero (step 5265) so 
30 that Rbat is not updated.) 

20 
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Voc =Voc+Kvoc*Err 

Rbat = Rbat + Ktbat * ElT 



(Eqn. 9) 
(Eqn. 10); and 



(4) update signal content variables (step 5280), if D is greater than the threshold (step 



The process can continue with repeated measurement of Vbat and Ibat (step 5220). 

In a specific embodiment of the invention, Voc is initialized to the first measured 
value of Vbat. Rbat is set to a value higher than expected in typical operation. This 
approach to initializing Rbat allows the algorithm to bring the Rbat estimate down during 
operation. Matrix element pb in Eqn. 7 may be set to zero, in this embodiment. 

In another embodiment of the invention, estimated values of battery parameters 
are used to calculate a maximum operating speed for a transporter based on the state of 
the battery and other transporter parameters, such as motor current. For example, the 
maximum operating speed of the transporter, Y, may be modeled by a linear equation of 
the form: 



The values for M and B may vary over time and either M or B may be functions of 
current values of transporter operating parameters such as battery open circuit voltage and 
internal resistance and motor parameters, such as backEMF gain and motor resistance. 

In an embodiment of the invention, an estimated maximum operating speed for a 
transporter is calculated as a linear function of the battery open circuit voltage, the battery 
internal resistance and a filtered average motor current, where the value of the average 
motor current is filtered with a low pass filter. 

In a specific embodiment of the invention, dual redundant brushless DC motors 
are provided to drive each wheel of a transporter, which has wheels disposed as in Fig 1 . 
Dual batteries are provided with each battery powering two motors. The motors may be 
paired so that the two motors driving a wheel are powered by different batteries, 
providing redundancy. The transporter maximum operating speed, Y, may be calculated 
as: 



5275): 




(Eqn. 11) 
(Eqn. 12). 




(Eqn. 13) 



Y = - ((^/3 . Ken) * (/?^, + {Ru . 2)) * ) + {Voc . Ken) 



(Eqn. 14) 
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where, Keii is the hne-to-line backEMF constant of each motor; 

Rii is the measured resistance between the two phases of the DC motor; 

/^^^ is an average motor current, where /^^, is calculated by summing the filtered 
currents for the two motors for each wheel and then taking the greater of the absolute 
5 values of these sums; 

Voc is the estimated open circuit voltage of a battery; and 

Rbat is the estimated internal resistance of a battery. 

To ensure that sufficient power is available in either battery to bring the 
transporter to a controlled stop or maintain balance, the lesser of the estimated values of 
10 Voc for the two batteries and the greater of the estimated values of Rbat for the two 

batteries may be employed in Eqn. 14, and transporter speed limited accordingly. As the 
batteries are discharged, the maximum operating speed for the transporter will decrease. 

In a further specific embodiment of the invention, values for Keii , the backEMF 
gain of each motor, and Rn , the measured resistance between the two phases of the DC 
15 motor, may be estimated by using measured values of transporter operating parameters 
such as motor temperature. Eqn. 14 may then be periodically modified accordingly. 

Selection of Speed Limit 
The maximum operating speed can then be used to set an intervention speed and a 

20 speed limit for the transporter, ensuring that adequate balancing margin is maintained 
over varying terrain and operating conditions. The balancing margin can be empirically 
determined to produce the desired performance characteristics of the transporter. Speed 
limit can then set by subtracting the balancing margin from the maximum operating 
speed. Alternatively, for example, the speed limit may be set as a function of the filtered 

25 average motor current, /^^ , for the transporter or as a function of maximum operating 
speed for a given . The speed limit may be a fixed offset from the maximum 
operating speed for the full range of I^^, (as depicted in Fig. 13 A) or may vary as /^^, 
varies. Alternatively, the speed limit can be set to an arbitrary value for a specific range 
of I^^f (as depicted in Fig. 13B). 
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Methods of speed limiting within the scope of the present invention are further 
discussed with reference to Figs. 13C-13G. In Fig. 13C, the motor speed co is plotted 
vertically, whereas the motor torque t is plotted horizontally. Motor speed co is related to 
the voltage across the motor, to first order, by a constant multiplicative coefficient Ke, 

5 also referred to as the 'motor constant,' whereas the motor torque is directly related, to 
first order, to the motor current. Operating limit 130 depicts the maximum motor speed 
and torque of which the system is capable under a given set of circumstances that 
encompass battery conditions, such as battery charge, temperature, and internal 
impedance, and also conditions external to the battery, such as motor impedance, for 

10 example. Various system conditions that might alter the operating limit are influenced by 
system temperature. Determination of a speed limit in accordance with any of the various 
system conditions that effect operating limit 130 is encompassed within the scope of the 
present invention. 

In particular, since, in a preferred embodiment of a personal transporter in 

15 accordance with the invention, current is delivered, by separate circuits, to each of two 
stator windings of each motor, thereby advantageously providing redundancy and safety, 
the torque that may be delivered depends upon whether one or both stator windings are 
energized. The operating limit 130 depicted in Fig, 13C refers to the case in which both 
stators are energized. By way of comparison, operating limit 132 depicted, on the same 

20 axes, in Fig. 13D, refers to the case in which a single stator is energized, thereby reducing 
the maximum torque x of which the motor is capable at a given speed by a factor of two, 
all other conditions being equal. 

Referring, again, to Fig. 13C, in accordance with embodiments of the invention, a 
torque margin TM may be specified, and operation of the transporter limited to a speed 

25 limit 134, so that the torque x and velocity co are limited to region 136 within the envelope 
of speed limit 134. If speed limit 134 is exceeded, torque is applied to the ground- 
contacting members to reduce tilt, thereby lowering velocity of the transporter, as 
described in further detail below. 

Speed Umit 134, as described, is based upon a safety margin or motor torque, and 

30 is displaced by a fixed torque margin TM with respect to operational limit 130. A speed 
limit 138 may also be based on a specified speed margin SM by which it is offset from 
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the operational limit 130 as a vertical displacement in the co- x plane, as shown in Fig. 
13D. 

The locus of the speed limit 134, 138 may be based on considering more than one 
margin, and, more particularly, may be based upon a speed limit derived on the basis of a 

5 minimum taken over a plurality of speed limits, each based on a margin derived on an 
independent basis. Thus, for example, as shown in Fig. 13E, operational limits 130 and 
132 are as described above with reference to Figs. 13C and 13D, while speed limits 134 
and 138 are derived therefrom based on torque and velocity margins respectively. The 
minimum-velocity limit 140 is thus contiguous, in this case, with the speed-margin- 

10 derived speed limit 134, and it is the limit 140 to which operation of the transporter is 
optimally limited. 

The locus of the speed limiting maximum velocity co in the co- x plane, as 
depicted by 138 in Fig. 13D may be calculated in accordance with: 

^M.. = ^(Rbat - RJV^hHAFT ^^-SM , (Eqn. 15) 

15 where the variables are as previously defined, SM representing the speed margin, and the 
velocity limit being based on a single-stator capability, as previously discussed. 

The locus of the speed limiting maximum velocity co in the co- x plane, based, this 
time, on a torque margin, as depicted by 134 in Fig. 13C may be calculated in accordance 
with: 

20 CD^^ = ^(Rbat - R,l^y\ihHAfT -^TM)^^ , (Eqn. 16) 

where, in this case, the slope is half that of Eqn. 15, reflecting the fact that a dual stator 
capability is being considered. It is to be understood that other operational assumptions 
and safety factors may be employed within the scope of the present invention as claimed. 
Other operational limits may be applied in defining the speed limit above which 
25 the transporter will be returned to a region of constrained operation within the scope of 
the invention. For example, an absolute upper velocity constraint may be imposed, as 
indicated by segment 142 of the speed limit of Fig. 13F, Such absolute speed limits may 
be based on user experience or other considerations. Similarly, a lower speed limit may 
be imposed, as indicated by segment 144 of the speed limit of Fig. 13F, since, under 
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conditions of hill-climbing or other heavy load, it may be disadvantageous to impose a 
speed limit below a prescribed minimum. 

Comparison of Figs. 13F and 13G illustrate the effect, in accordance with the 
foregoing teaching with respect to deriving a speed limit based jointly on torque and 
5 speed margins, of a dramatic increase in the internal impedance of a battery. In both 
cases, the solid line 150 indicates the speed limit, or "intervention locus," derived on the 
basis of the minimum described above. In case of large Rbat, for example, the slope of 
(Omax as a function of motor torque may be lower, as in segment 146 of the speed limit 
150, than would be derived either by application of a speed margin or of an absolute 
10 speed limit 142. 

Finally, under certain circumstances, the instantaneous available torque at a given 
speed, may be less than the specified torque margin TM. If that occurs, it is preferable to 
shut down the transporter since it may not be possible to restore balanced operation under 
those conditions. 

15 

Balancing Transporter Speed Limiting 
In a specific embodiment of the invention, control equation 4 for a balancing 
transporter may be modified to allow a pitch modification. A, to be added to the system 
pitch value, 6 : 

20 r= K,{e- (A + 6{)))+ K^d^ K^,{x^ JCo)+ K^x (Eqn. 17) 

Adding the pitch modification. A, allows the speed 6200 for a balancing transporter to be 
limited while still providing system balance in the fore-aft plane. Referring to Fig. 12, 
first, a speed intervention band is determined 6210. The upper end of the band, the speed 
limit, may be set by subtracting a balancing margin from the maximum operating speed 

25 for the transporter. The intervention speed may be set by subtracting the extent of the 
speed intervention band from the speed limit. Each of the balancing margin and the 
extent of the speed intervention band may be constants or may be determined adaptively. 
In a specific embodiment of the invention, separate speed limits and intervention bands 
may be defined for motion of the transporter's center of mass in the forward and in the aft 

30 directions. The maximum operating speed may be estimated by a variety of methods, 
including the method described above. Note that the maximum operating speed for the 
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transporter may decrease as the transporter's battery or other fiiel source is depleted and 
the intervention speed and the speed Umit may be adjusted accordingly. The relationship 
among various speed limiting parameters for a typical balancing transporter is illustrated 
in Fig. 9. 



When the transporter's speed exceeds the intervention speed, the transporter may be 
slowed by increasing 6240 the pitch modification, A. Inspection of Eqn. 17 shows that 
the transporter will respond to the modification by increasing motor torque, causing the 
system to accelerate. If, for example, the system is moving in the forward direction, the 

10 acceleration will cause the system to pitch backwards. The system will respond to this 
decrease in system pitch value by then reducing motor torque, decelerating the system. 
! may be determined 6230 by looking at the difference between the transporter speed and 
the intervention speed, integrated over time. The pitch modification sequence is repeated 
6250 until the transporter slows to a desired dropout speed, which may be the intervention 

15 speed, and then the pitch modification may be smoothly returned 6260 to zero. This 
embodiment may be used advantageously to maintain a speed margin for balancing the 
transporter in the fore-aft plane and to govern the speed of the transporter. 

In a specific embodiment of the invention, the pitch modification may be 
calculated as follows. When the instantaneous velocity of the transporter's center of mass 

20 exceeds the intervention speed, then let: 



5 



Again referring to Fig. 12, the speed of the transporter is then monitored 6220. 




(proportional term) 



(Eqn. 18) 



otherwise B =0 ; 

C = Cp^v + (D*(Ssl- Sact)) if Cprev <= C 



(derivative term) 



(Eqn. 19) 
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Otherwise, C = 0 
And set A= C + A* Gp+ B* Gd, 



(integral term) 



(Eqn. 20) 
(Eqn. 21) 



where: 



30 



Sact is the instantaneous velocity of the transporter's center of mass, 

Sint is the intervention speed; 

Ssi is the speed limit; 

S'act is the acceleration of the transporter; 
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Cprev is the value of C from the previous calculation of the integral term 
(initialized to zero); 

D is a gain term; 

Gp is a gain term for the contribution to the desired pitch modification that is 
5 proportional to transporter speed. 

Gd is a gain term for the contribution to the desired pitch modification that is 
proportional to transporter acceleration. 

Once the pitch modification is calculated, this modification may be introduced to 
Eqn. 17 smoothly and incrementally. Note that the integral term contribution to the pitch 
10 modification is zero until the speed of the transporter exceeds the speed limit. At that 
point, the term can add substantially to the value of the pitch modification. Thus, the 
speed Umiting effect on the system can become pronounced as the speed limit is 
exceeded. 

Calculation of the pitch modification may be repeated periodically until 
15 transporter speed decreases below a drop-out value, which may be the intervention speed. 
When the transporter speed decreases below the drop-out speed, the pitch modification 
then may be calculated as: 

A = Cpi^v + (D*(Ssr Sact)) if C<0 and otherwise 0; and (Eqn. 22). 

C =A (Eqn. 23). 

20 The pitch modification calculation and changes to the pitch modification may be 

repeated periodically. The pitch modification may be smoothly and incrementally 
decreased until the modification retums to zero. 

Note that techniques other than adding a pitch modification to the control equation 
may be used to effect a deceleration of the transporter in a similar manner. For example, 
25 an offset value added to the system pitch value, d , as reported by an inclinometer, will 
cause the same result. All such techniques are intended to be within the scope of the 
present invention. 

In a further embodiment of the invention, a transporter is provided with means to 
regenerate batteries supplying power to the drive arrangement. Such regeneration can 
30 occur, for example, during hard braking or when the transporter is going downhill. In 
such a situation, damage may occur if the battery is at fiiU capability and the battery 
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regeneration circuitry forces additional energy into the battery. Such energy is dissipated 
as heat and the battery voltage may surge. Both effects can cause damage to the battery 
and drive electronics. 

The transporter's speed limit may be modified to prevent an over voltage 

5 condition during battery regeneration. The battery voltage is monitored periodically and 
filtered with a low pass filter. If the filtered battery voltage exceeds an over voltage 
threshold, the speed limit for the transporter, or equivalently the intervention speed, may 
be reduced. In a specific embodiment of the invention, an over voltage range is set for 
the transporter, beginning at the over voltage threshold. The speed limit for the 

10 transporter is reduced linearly over this range as a function of battery voltage to a 

minimum speed characteristic of the transporter. The minimum speed limit may be set 
equal to the range of the intervention band. 

It should be noted that the flow diagrams are used herein to demonstrate various 
aspects of the invention, and should not be construed to limit the present invention to any 

15 particular logic flow or logic implementation. The described logic may be partitioned 
into different logic blocks (e.g., programs, modules, functions, or subroutines) without 
changing the overall results or otherwise departing from the true scope of the invention. 
Oftentimes, logic elements may be added, modified, omitted, performed in a different 
order, or implemented using different logic constructs (e.g., logic gates, looping 

20 primitives, conditional logic, and other logic constructs) without changing the overall 
results or otherwise departing from the true scope of the invention. 

The present invention may be embodied in many different forms, including, but in 
no way limited to, computer program logic for use with a processor (e.g., a 
microprocessor, microcontroller, digital signal processor, or general purpose computer), 

25 programmable logic for use with a programmable logic device (e.g., a Field 

Programmable Gate Array (FPGA) or other PLD), discrete components, integrated 
circuitry (e.g., an Application Specific Integrated Circuit (ASIC)), or any other means 
including any combination thereof 

Computer program logic implementing all or part of the functionality previously 

30 described herein may be embodied in various forms, including, but in no way limited to, a 
source code form, a computer executable form, and various intermediate forms (e.g., 
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forms generated by an assembler, compiler, linker, or locator.) Source code may include 
a series of computer program instructions implemented in any of various progranmiing 
languages (e.g., an object code, an assembly language, or a high-level language such as 
Fortran, C, C++, JAVA, or HTML) for use with various operating systems or operating 

5 environments. The source code may define and use various data structures and 

conmiunication messages. The source code may be in a computer executable form (e.g., 
via an interpreter), or the source code may be converted (e.g., via a translator, assembler, 
or compiler) into a computer executable form. 

The computer program may be fixed in any form (e.g., source code form, 

10 computer executable form, or an intermediate form) either permanently or transitorily in a 
tangible storage medium, such as a semiconductor memory device (e.g., a RAM, ROM, 
PROM, EEPROM, or Flash-Programmable RAM), a magnetic memory device (e.g., a 
diskette or fixed disk), an optical memory device (e.g., a CD-ROM), a PC card (e.g., 
PCMCIA card), or other memory device. The computer program may be fixed in any 

15 form in a signal that is transmittable to a computer using any of various communication 
technologies, including, but in no way limited to, analog technologies, digital 
technologies, optical technologies, wireless technologies, networking technologies, and 
internetworking technologies. The computer program may be distributed in any form as a 
removable storage medium with accompanying printed or electronic documentation (e.g., 

20 shrink wrapped software or a magnetic tape), preloaded with a computer system (e.g., on 
system ROM or fixed disk), or distributed from a server or electronic bulletin board over 
the conmiunication system (e.g., the Internet or World Wide Web.) 

Hardware logic (including programmable logic for use with a programmable logic 
device) implementing all or part of the functionality previously described herein may be 

25 designed using traditional manual methods, or may be designed, captured, simulated, or 
documented electronically using various tools, such as Computer Aided Design (CAD), a 
hardware description language (e.g., VHDL or AHDL), or a PLD programming language 
(e.g., PALASM, ABEL, or CUPL.) 

The described embodiments of the invention are intended to be merely exemplary 

30 and numerous variations and modifications will be apparent to those skilled in the art. All 
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such variations and modifications are intended to be within the scope of the present 
invention as defined in the appended claims. 
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